Patients with pemphigus vulgaris (PV) harbor antibodies reactive against self-antigens expressed at the surface of keratinocytes, primarily desmoglein (Dsg) 3 and, to a lesser extent, Dsg1. Conventionally, only antibodies targeting these molecules have been thought to contribute to disease pathogenesis. This notion has been challenged by a growing pool of evidence that suggests that antibodies toward additional targets may play a role in disease. The aims of this study were to (i) establish high-throughput protein microarray technology as a method to investigate traditional and putative autoantibodies (autoAbs) in PV and (ii) use multiplexed protein array technology to define the scope and specificity of the autoAb response in PV. Our analysis demonstrated significant IgG reactivity in patients with PV toward the muscarinic acetylcholine receptor subtypes 3, 4, and 5 as well as thyroid peroxidase. Furthermore, we found that healthy first-and second-degree relatives of patients with PV express autoAbs toward desmoglein and non-Dsg targets. Our analysis also identified genetic elements, particularly HLA, as key drivers of autoAb expression. Finally, we show that patients with PV exhibit significantly reduced IgM reactivity toward disease-associated antigens relative to controls. The use of protein microarrays to profile the autoAb response in PV advanced the current understanding of disease and provided insight into the complex relationship between genetics and disease development.
Patients with pemphigus vulgaris (PV) harbor antibodies reactive against self-antigens expressed at the surface of keratinocytes, primarily desmoglein (Dsg) 3 and, to a lesser extent, Dsg1. Conventionally, only antibodies targeting these molecules have been thought to contribute to disease pathogenesis. This notion has been challenged by a growing pool of evidence that suggests that antibodies toward additional targets may play a role in disease. The aims of this study were to (i) establish high-throughput protein microarray technology as a method to investigate traditional and putative autoantibodies (autoAbs) in PV and (ii) use multiplexed protein array technology to define the scope and specificity of the autoAb response in PV. Our analysis demonstrated significant IgG reactivity in patients with PV toward the muscarinic acetylcholine receptor subtypes 3, 4, and 5 as well as thyroid peroxidase. Furthermore, we found that healthy first-and second-degree relatives of patients with PV express autoAbs toward desmoglein and non-Dsg targets. Our analysis also identified genetic elements, particularly HLA, as key drivers of autoAb expression. Finally, we show that patients with PV exhibit significantly reduced IgM reactivity toward disease-associated antigens relative to controls. The use of protein microarrays to profile the autoAb response in PV advanced the current understanding of disease and provided insight into the complex relationship between genetics and disease development.
pemphigus | autoantibody | protein microarray P emphigus vulgaris (PV) is a blistering autoimmune skin disease characterized by the presence of autoantibodies (autoAbs) directed against keratinocyte surface antigens (1, 2) . Although early immunofluorescence studies demonstrated the presence of autoAbs in patient sera that bound to the surface of keratinocytes, a direct role of autoAbs in disease pathogenesis was not established until purified patient IgG (PVIgG) was shown to elicit blister formation upon passive transfer in mice (3) . The main targets of these autoAbs were identified as Desmoglein (Dsg) 3 and 1, cadherin proteins that constitute key components of desmosomes, protein complexes responsible for maintaining cell-cell adhesion (4) (5) (6) (7) . Later experiments in which patient sera depleted of anti-Dsg3 Abs failed to produce blisters when passively transferred to mice (8) seemingly cemented the notion that these autoAbs alone were responsible for blister formation. As a result, subsequent research in the field has focused primarily on autoAbs directed against Dsgs.
The assertion that anti-Dsg autoAbs alone are pathogenic was first challenged when PVIgG, lacking any anti-Dsg1 autoAbs, produced blisters when passively transferred into Dsg3-null mice (9) . Additionally, several studies have shown that anti-Dsg Ab titers do not necessarily correlate with disease activity, and a subset of patients with PV do not harbor any detectable anti-Dsg Abs (10) (11) (12) (13) (14) . The presence of pathogenic autoAbs directed against non-Dsg targets could account for these findings. Early studies established the presence of non-Dsg autoAbs in PV sera by showing that PVIgG depleted of anti-Dsg3 Abs recognized a number of non-Dsg antigens (15) , and subsequent work identified several specific non-Dsg proteins as targets of autoAbs in PV (9, (16) (17) (18) (19) (20) .
Currently, the scope and specificity of non-Dsg autoAbs in PV has not been fully examined, and the genetic factors underlying autoAb generation, including the impact of HLA allele expression on PV autoAb repertoires, are not well understood. Without a detailed understanding of the specificity of the autoimmune response, broad-scale immunosuppression, whose side effects alone can be severe or even life-threatening, remains the mainstay treatment of PV. Characterization of the scope and specificity of autoAbs in PV represents a potentially pivotal step toward a better understanding of disease mechanisms in pemphigus, facilitating the development of more specific and safe treatments.
In recent years, the development of protein microarrays has enabled high-throughput analysis and improved sensitivity in the detection of autoAbs compared with conventional methods such as ELISA (21, 22) . Array technology has been successfully used to assess autoAb responses in several autoimmune diseases, including systemic lupus erythematous, polymyositis, rheumatoid arthritis, and multiple sclerosis (23) (24) (25) . In the present study, we used protein array technology to experimentally examine the scope and specificity of autoAbs in PV. Candidate antigens were
Significance
Although the pathogenicity of autoantibodies (autoAbs) targeting the desmosomal cadherins desmoglein (Dsg) 3 and 1 is well established in pemphigus vulgaris (PV), the disease relevance of other autoAbs remains an area of intense research. By using disease-specific protein microarrays to characterize the autoAb response in PV, we identified Dsg and non-Dsg antigens as primary targets of patient autoAbs. Additionally, we found that healthy first-or second-degree relatives of patients with PV, specifically those expressing HLA DRB1*0402 or DQB1*0503 (PV susceptibility alleles) exhibit patterns of autoreactivity similar to that of patients with PV. These findings suggest a potential role for non-Dsg autoAbs in disease pathogenesis and implicate HLA as a primary driver of autoAb specificity in PV.
identified by a thorough review of the literature (5, 9, (26) (27) (28) (29) (30) (31) (32) (33) (34) . The selected proteins were printed onto glass slides and used to probe the serum of patients with pemphigus, healthy first-or second-degree relatives of patients with PV, and unrelated control subjects. By using this methodology, we clearly demonstrated increased autoAb reactivity in patients with active disease toward four non-Dsg antigenic targets in addition to Dsg3. We also found that, compared with the unrelated control group, related control subjects express greater IgG autoAb reactivity toward a subset of the antigens recognized by the patient autoAbs. Importantly, we found that autoAb reactivity in related control subjects is tightly associated with the expression of either of two HLA alleles known to be highly associated with PV susceptibility, DRB1*0402 and DQB1*0503. Surprisingly, in contrast to the IgG response, IgM reactivity toward Dsg and non-Dsg antigens was found to be depressed in patients with active pemphigus relative to unrelated control subjects. Table S1 .
Materials and Methods
Autoantigen Microarray Design and Printing. Antigens were selected based on a comprehensive survey of literature aimed at identifying potentially disease relevant targets of autoAbs in PV (5, 9, (26) (27) (28) (29) (30) (31) (32) (33) (34) . Fifteen PV-associated autoantigens were identified and printed on the array: Dsg1-4, muscarinic acetylcholine receptor subtypes M1 and M3-M5 (mAChR1 and -3-5), desmocollins 2 and 3 (Dsc2 and -3), E-cadherin (E-cad), Fc receptor-e 1 (FceR1), pemphaxin (ANXA9), plakoglobin (PKG), and thyroid peroxidase (TPO). The bullous pemphigoid-associated antigen BP230 (no known reactivity with pemphigus sera) and an HIV-peptide (corresponding to a highly conserved region in the gp41protein with no known reactivity in HIV negative individuals) were included as negative biological controls. Tetanus toxoid (Ttox) was included as a positive biological control antigen. All antigens used were purified recombinant proteins produced in various expression systems and were plated in their native, nondenatured state (Table S2 ). Technical controls consisted of human IgA, IgM, IgG1-4, normal BSA, and biotinylated BSA. A TECAN scanner was used to spot the proteins onto nitrocellulose-coated glass slides. Preliminary experiments determined that the optimal printing concentration was 0.2 mg/mL for all printed proteins. All antigens were printed in triplicate. A representative image of a slide and array template is shown in Fig. 1A .
Hybridization and Scanning of Autoantigen Microarrays. Before the experiment, the microarray slides were brought to room temperature for 30 min. and washed four times in PBS solution/Tween 0.05%. After drying by centrifugation for 1 min at 150 × g at 23°C, the slides were incubated in blocking buffer (1% BSA in PBS/Tween 0.05%) for 1 h at room temperature under gentle rocking. Six microliters of serum diluted to 1:150 was added to each array and incubated at room temperature for 1 h. After an additional washing step, slides were incubated in biotinylated anti-human IgG or IgM antibody at 1 μg/mL at room temperature for 1 h. Slides were then washed and dried as outlined earlier. Streptavidin-phycoerythrin was added to each array and incubated for 1 h at room temperature, followed by another washing and drying step. Finally, the slides were scanned by using a TECAN scanner (Tecan Group) at 532 nm to generate TIFF images for analysis. Data Analysis. The image of each array was analyzed using Genepix Pro-5.0 software to generate a Gene Pix Results file. The net fluorescence intensities (spot fluorescence intensity minus background intensity) were determined for every printed spot of every triplicate on every array. The mean net fluorescence intensity (MFI) for each triplicate was taken, and each value was normalized to the fluorescence intensity of the appropriate negative controls. Significance analysis of microarrays (SAM) was then applied to detect statistically significant differences [defined as q-value < 0.05 and false discovery rate (FDR) < 0.05] in array reactivity between active patient subgroups and healthy controls (38) . Unbiased hierarchal cluster analysis was performed by using Cluster (version 3.0). Heat maps and node trees were generated by using TreeView (version 1.1.6) (39). Dot plots were prepared with KaleidaGraph software suite (version 4.5; Synergy Software).
Results
Development and Validation of Protein Microarrays. Fifteen protein antigens with potential relevance to PV (5, 20, (27) (28) (29) (30) (31) (32) (33) (34) (35) were printed on glass slides in triplicate (details provided in Materials and Methods). To establish and validate our methodology, individual arrays were probed with commercially available antibodies generated against specific printed antigens to demonstrate the specificity of Abs to the plated proteins and to ensure that the proteins were antigenically intact (Fig. 1B) . Comparison of array values for Dsg3 reactivity in patients with active pemphigus to anti-Dsg3 ELISA index values obtained in separate experiments showed that array values for anti-Dsg3 were highly correlated to ELISA index values (Fig. S1 ). Together, these results demonstrate proper array manufacturing and functioning.
Patients with Active PV Exhibit Greater IgG Reactivity to Dsg and Non-Dsg
Targets than Healthy, Unrelated Controls. We first assessed serum reactivities to the panel of 15 autoantigens in active pemphigus patients (PV, n = 39; PF, n = 1) compared with healthy unrelated controls with no personal history of autoimmune disease or family history of PV (n = 20). Five antigen features were identified by SAM to have statistically significant increases in IgG autoAb reactivity in active pemphigus patients vs. healthy controls: Dsg3, mAChR3, mAchR4, mAchR5, and TPO (q-value < 0.05, FDR < 0.05). No significant differences in IgG reactivity were found for the positive and negative control antigens (Ttox and BP230, respectively). Unbiased hierarchical cluster analysis of array values based on these five autoantigen reactivities demonstrated an almost complete separation of active pemphigus patients from unrelated controls (Fig. 2) . Assessment of treatment status revealed that therapy did not drive the clustering of patients with PV (Fig. S2 ). Of the 40 pemphigus patients tested, only two clustered within the unrelated control group and vice versa, indicating that, in addition to reactivity toward Dsg3, reactivity toward the non-Dsg targets mAChR3, mAchR4, mAchR5, and TPO distinguishes patients from healthy controls lacking self or family history of autoimmune disease. One of the two patient samples clustering with the controls was the only patient with PF included in the study, indicating that this patient with PF displays a distinct autoAb profile from PV. The presence of Abs directed at self-antigens has traditionally been viewed as a consequence of a break in immune tolerance that ultimately contributes to the development of autoimmune pathologies. Recent studies demonstrating the presence of abundant autoAbs in healthy individuals have challenged this view, suggesting that these "natural" autoAbs may play a role in immune homeostasis (40) (41) (42) (43) (44) (45) (46) . The detection of Abs directed against Dsg1 and -3 in healthy controls related to patients with PV (47, 48) suggests that shared genetic (and possibly environmental) factors may contribute to the development of autoreactivity, if not autoimmune disease. To investigate further, in the next analysis, we included control subjects who were first-or second-degree blood relatives of patients with PV (n = 20). Compared with all (unfractionated) controls (related, n = 20 plus unrelated, n = 20; total n = 40), patients with active pemphigus had significantly increased reactivity only to Dsg3. In addition, the distinction between patients and controls based on the five autoantigens described in the previous analysis (in which only unrelated control subjects were used) was not as clear. Approximately half of the related controls clustered with the active patient group, whereas the remainder clustered with unrelated controls (Fig. 3) . Directly comparing related with unrelated control subjects, we found increased reactivities to the same autoantigens as in the comparison of active pemphigus patients vs. healthy unrelated controls: significant for mAChR4 and TPO at q < 0.05, FDR < 0.05; mAChR3 and -5 and Dsg3 were found to be significant at lower stringencies (q < 0.05, FDR = 0.15). These data indicate that related controls recognize autoantigens similar to those targeted by patients with PV and distinct from those of unrelated control subjects.
HLA Expression Underlies AutoAb Specificity in Healthy Subjects
Related to Patients with PV. Given the tight association of certain HLA alleles with PV, we sought to determine the extent to which HLA expression affects autoAb specificity. Subjects carrying one or both of the two PV-associated HLA alleles (DRB1*0402 and DQB1*0503) were classified as HLA + , whereas subjects carrying neither allele were classified as HLA − . HLA association data were then overlaid on the unbiased hierarchical cluster generated with data from patients with PV, unrelated control subjects, and related control subjects ( Fig. 3 and Table S3 ). Our data suggest that HLA expression may impact the autoAb profiles of healthy controls. Of the 11 related controls who clustered with the patients with PV, 8 were HLA + , i.e., typed as DRB1*0402 and/or DQB1*0503. Conversely, of the 9 related controls that clustered separately from patients with, 8 were HLA − . In addition, both HLA + unrelated control subjects clustered with patients with PV (Fig. 3) . No significant differences in autoAb reactivity patterns were identified between HLA + (n = 9) and HLA − (n = 11) related control groups. However, these groups demonstrated somewhat different reactivities compared with the unrelated control group: HLA − -related controls showed increased reactivity toward mAchR4, mAchR5, and TPO, whereas HLA + -related controls had significantly increased reactivity toward mAchR3 and 4 (Fig. 4) Fig. 2 . Patients with active PV exhibit increased IgG autoAb reactivity against Dsg-and non-Dsg antigens. Sera from active patients (PVA, n = 39) and unrelated controls (UCR, n = 20) were probed for autoAbs directed against plated antigens. SAM identified five antigens (mAChR3, mAChR4, mAChR5, Dsg3, TPO) that showed significantly greater reactivity (q < 0.05) in active PV patients compared with unrelated control subjects. These five antigens were used in an unbiased clustering approach to reveal similarities/ differences in autoAb profiles between subjects. Active PV, red boxes; unrelated controls, green boxes; PF, black box. Fig. 3 . Clustering of related control subjects with patients with PV and unrelated control subjects is mainly driven by HLA expression. Sera from patients with active PV, unrelated control subjects, and related control subjects was probed by using protein microarray. Based on the reactivity data toward the five antigens that were up-regulated in active PV patients vs. unrelated control subjects, all three groups were clustered by using an unbiased hierarchal clustering algorithm. Subsequently, HLA information was overlaid onto the clustered groups of patients and control subjects to assess the influence of HLA genetics on the expression of potentially diseaserelevant autoAbs. HLA + indicates expression of the PV-associated HLA alleles DRB1*0402 and/or DQB1*0503 (gold boxes); HLA − represents the absence of either allele (purple boxes). PVA (active PV), red boxes; PF, black box; unrelated controls, green boxes; RCR (related control subjects), blue boxes.
subtypes in PV, we probed patient sera for IgM autoAbs using our protein microarray. Unexpectedly, compared with patients with active PV, unrelated control subjects were seen to express significantly increased IgM reactivity toward Dsg3 and mAchR3, -4, and -5 (q < 0.05; FDR < 0.05; Fig. 5 ). With the exception of TPO, these represent all of the antigens that were targeted by IgG autoAbs in the patient population.
Discussion
AutoAbs directed against the desmosomal cadherins Dsg3 and Dsg1 have classically been considered the principal mediators of disease pathogenesis in PV. As a result, the monitoring of disease activity and effect of clinical interventions have centered on studying these autoAbs. However, as more targets of autoAbs in PV have been reported, there has been a growing pool of evidence suggesting autoAbs directed against non-Dsg antigens may also play a role in disease (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Current knowledge of non-Dsg autoAbs in PV is segmented and discontinuous, with individual studies focusing on non-Dsg targets individually, providing little insight into their disease relevance as biomarkers or drivers of disease. Although non-Dsg autoAbs have been identified in patients, little is known about their prevalence and even less is known concerning any potential effect they may have on disease expression. Understanding the broader scope and specificity of the autoAb response in PV has implications regarding mechanisms of blister formation and may uncover biomarkers capable of more accurately monitoring disease activity and predicting disease progression or response to therapy.
Protein microarrays allow for the rapid assessment of antibodies toward a large number of targets simultaneously, and, not surprisingly, have been successfully used to characterize the autoAb response of several autoimmune diseases (22, 23, (49) (50) (51) (52) . Here, we used this technology in an attempt to address a number of gaps that exist in our current understanding of PV. Probing the scope and specificity of the autoAb response in PV with our custom-designed, disease-specific protein microarray enabled us to assimilate decades of disparate studies into a more cohesive understanding of autoAbs in PV.
Early studies aimed at evaluating autoAbs in PV were almost all confined to the study of a single antigen, and only a relatively small number of sera were probed in each study. Our methodology exhibits two main advantages compared with previous work: (i) the capability to rapidly assess larger patient populations, resulting in more accurate estimates of autoAb prevalence; and (ii) simultaneous examination of multiple autoAb specificities to allow for an enhanced characterization of the broader autoAb milieu in patients. These advantages greatly increase the likelihood of uncovering novel disease-relevant antigenic targets. Our array studies reveal an increased autoAb reactivity in patients compared with control subjects toward a specific subset of antigens: Dsg3, mAchR3, mAchR4, mAchR5, and TPO. To our knowledge, this finding represents the first time that extensive profiles of autoAbs, beyond only anti-Dsg Abs, have been described in patients with PV, and represents a critical step in identifying potentially functionally significant non-Dsg autoAbs.
Increased autoAb reactivity toward muscarinic acetylcholine receptors suggests that perturbation of cholinergic signaling could represent an alternate pathway contributing to blister formation in PV. Cholinergic signaling plays a vital role in cell adhesion in the epidermis: muscarinic antagonists can disrupt cellular adhesion in vitro and muscarinic agonists can strengthen cell-cell adhesion (53) . Additionally, it has been shown that treatment with cholinergic agonists can inhibit the formation of blisters in neonatal mice after the passive transfer of PVIgG (54) . Although these findings support a functional role for these autoAbs in PV, future work is required to determine what effects, if any, patient autoAbs have on cholinergic signaling in the epidermis. . Related control subjects exhibit increased levels of reactivity toward the same antigens recognized by patients with active PV. Microarray analysis of autoAb reactivity in related control subjects reveals an increase in autoAb reactivity toward a subset of the antigens recognized by patients with active PV. Presence or absence of a disease-associated HLA allele in related control subjects underlies unique autoAb reactivities (asterisk indicates differences in array reactivity determined to be significant by SAM; q < 0.05). No significant differences in reactivity toward Ttox or BP230 were observed between the groups. Units shown reflect mean fluorescence of antigen triplicates normalized to the appropriate negative control. HLA + indicates expression of the PV-associated HLA alleles DRB1*0402 and/or DQB1*0503, HLA − indicates the absence of either allele. PVA, active PV; UCR, unrelated control subjects; RCR, related control subjects. . Unrelated control subjects exhibit increased IgM autoreactivity against disease-related antigens compared with patients with active PV. Patient and unrelated control sera were probed to determine the IgM subtype-specific response to disease-relevant antigens. SAM identified increased IgM reactivity directed against Dsg3, mAChR3, mAChR4, and mAChR5 in unrelated control subjects compared with patients with active PV (asterisk indicates differences in array reactivity determined to be significant by SAM; q < 0.05). With the exception of TPO, the antigens targeted by IgM autoAbs in controls were the same as those targeted by IgG autoAbs in patients with active PV. BP230 and Ttox (negative biological controls) did not show significant differences in IgM reactivity between patients and unrelated control subjects. PVA, active PV; UCR, unrelated controls.
We also found TPO, an enzyme expressed primarily on thyroid tissue that is responsible for the organification of iodine, to be a target of PV autoAbs. Interestingly, TPO is not thought to be expressed in keratinocytes at the protein or mRNA level (55) . However, anti-TPO Abs have been associated with dysfunctions in the epidermis, mainly in chronic autoimmune urticaria, although a direct pathogenic role has yet to be established (56) . IgG purified from patients with Graves disease, an autoimmune thyroid condition, has been shown to effect BrdU incorporation and cAMP accumulation in primary cultures of human keratinocytes (55), further suggesting a potential effect of anti-TPO Abs in cutaneous processes. Alternatively, it is also possible that Abs directed against TPO may cross react with an as yet unknown keratinocyte associated antigen. Additional studies are needed to explore if, and how, Abs directed against TPO may play a role in PV.
The existence of functionally relevant non-Dsg autoAbs could shed light on some of the many questions currently surrounding the pathogenesis of blister formation in PV. In some cases, non-Dsg autoAbs may be sufficient to induce the formation of blisters, which would explain the presence of disease in the subset of patients who do not express anti-Dsg3 or anti-Dsg1 Abs. Non-Dsg autoAbs could also work in concert with anti-Dsg autoAbs, augmenting the ability of pathogenic Abs to cause blistering. A certain combination of anti-Dsg and non-Dsg autoAbs might be necessary to cross the threshold of pathogenicity, tipping the scale toward self-recognition that distinguishes disease remission and activity. This theory may help to explain the lack of a tight correlation between anti-Dsg Ab titers and lesional activity. Moreover, nonDsg autoAbs may contribute to autoAb profiles that underlie the clinical variability of disease morphologies that exists across patients. Identification of functionally significant autoAb could open the door for monitoring multiple autoAb levels to more accurately assess and classify disease activity, evaluate the efficacy of therapy, and potentially predict disease expression and prognosis.
Findings from this study also shed light on the influence of genetics on autoAb generation. Genetic factors are known to strongly contribute to a number of autoimmune diseases, and it is likely that individuals related to patients with autoimmune disease share some of these genetic elements. However, the large majority do not develop disease. Examination of the related healthy control population may help to identify key elements or disturbances in immune function that are lacking in this group, but required for transition to a disease state in patients. Our demonstration of anti-Dsg autoAbs in these individuals is in line with the findings of other groups who have shown that relatives of patients with pemphigus can exhibit positive Dsg3 titers and positive immunofluorescence results (47, 48) . However, to our knowledge, we are the first to demonstrate that healthy relatives of patients with PV also possess autoreactivity toward additional non-Dsg antigens that are also targeted by patients.
Most interestingly, when grouped by the presence or absence of the PV-associated HLA alleles DRB1*0402 and/or DQB1*0503, the majority of related control subjects who harbored these alleles exhibited autoAb profiles more similar to that of active pemphigus patients, whereas relatives who were negative for the risk alleles had autoAb profiles more similar to unrelated control subjects. In fact, even unrelated control subjects who expressed the PV-associated HLA risk alleles clustered with active patients based on autoAb reactivity. These data indicate that the expression of HLA DRB1*0402 or DQB1*0503 may be key to the generation of autoAbs against particular sets of autoantigens. However, even though HLA + and HLA − related control subjects cluster separately, our data show that both groups possess comparable levels of autoreactivity. One explanation for this may be that, because of the higher sensitivity of the protein microarray, the levels of autoAbs expressed by patients and related control subjects are above the linear range of detection, resulting in a plateau of signal and a subsequent inability to identify the full amplitude of patient responses. Alternatively, these similarities in autoAb reactivity may emphasize the role of other shared genetic and/or environmental in driving the autoAb response. Regardless, these findings suggest that the presence of autoAbs directed against disease relevant targets in healthy control subjects is not sufficient by itself to lead to clinical pathology.
Several other lines of investigation from our laboratory support the impact of PV-associated HLA alleles on autoimmunity. Healthy control subjects expressing the DRB*0402 or DQB*0503 susceptibility allele (HLA-matched controls) have altered expression of a number of cytokines that are also dysregulated in patients with pemphigus (57) . We have also shown that the peripheral blood cells of HLA-matched control subjects exhibit similar patterns of gene expression as patients with PV (58) . Together, these data implicate HLA as a central driver in the breakdown of selftolerance and the specificity of the autoimmune response. It remains to be determined how genetically predisposed individuals who have activated certain autoimmune pathways remain disease free. Relevant to this point, in recent work, we found that HLAmatched healthy control subjects, in addition to sharing some transcriptional alterations with patients with pemphigus, also express a set of genes that are down-regulated compared with patients and control subjects who do not carry the PV-associated risk alleles (58) , suggesting the hypothesis that expression of these genes in susceptible individuals may function to protect this group from disease development, despite their genetic inclination to disease. Collectively, these data demonstrate the profound influence of HLA on disease activity and shed light on the complex regulations within the immune system.
Examination of IgG and IgM autoAb responses identified another unique aspect of the autoAb response in PV. In contrast to IgG reactivities, control subjects surprisingly exhibited a significant elevation of IgM reactivity toward mAChR3, mAChR4, mAChR5, and Dsg3, again indicating that disease-free individuals can harbor Abs that recognize self-antigens. The presence of Abs capable of recognizing self-antigens in unrelated healthy patients suggest that at least a significant subset of healthy individuals possess B-cell receptors capable of recognizing self-antigens, but there are other mechanisms in place that prevent the activation of a full autoimmune response with functional consequences. Because IgM isotype Abs represent a more acute B-cell response and prolonged exposure toward antigens is known to drive the isotype switch from IgM to IgG, the cause of elevated IgM autoAbs in healthy control subjects compared with patients with active pemphigus may result from proper functioning of peripheral tolerance mechanisms that inhibit the activation and isotype switch of self-reactive B cells. It may also be that the lower levels of IgM reactivity seen in patients with active pemphigus results from the depletion of IgM-expressing B cells as they switch the isotype of their Abs from IgM to IgG.
The current paradigm of PV pathogenesis is beginning to shift from the limited lens of anti-Dsg autoAbs to a more complex and intricate view that incorporates a more comprehensive understanding of disease relevant autoAbs. Foremost, our study illuminates the existence of autoAbs that are directed at non-Dsg antigens in a significant proportion of patients with PV. We also demonstrate the utility of protein microarrays, not only for rapidly assessing the autoAb response in PV, but also as an instrument that is capable of dissecting the complex relationships between genetics and the expression of autoAbs. Our data highlight HLA as the central driver of the autoAb response to Dsg and non-Dsg targets. However, the increased autoreactivity observed in the HLA − related control subjects in Fig. 4 supports the notion that shared genetic and/or environmental factors, beyond that of HLA, may influence autoAb specificity. Direct comparison of HLA + and HLA − related control subjects did not reveal any significant differences in autoreactivity, but further analyses in larger groups will be required to determine the impact of non-HLA genetic factors. Identification of the full set of PV autoAbs across patients can be expected to facilitate the development of a more targeted and specific therapeutic approach that is at once more comprehensive and individualized. It remains to be seen if these specificities hold the potential to serve as actionable biomarkers that will allow clinicians to more accurately predict, classify, monitor, and treat disease subgroups. Finally, future studies must be aimed at assessing the functional effects of autoAbs directed at non-Dsg targets to determine the mechanisms by which they may contribute, alone or in concert with anti-Dsg autoAbs, to disease development.
